The biosynthetic genes of the nisin-producing strain Lactococcus lactis 6F3 are organized in an operon-like structure starting with the structural gene nisA followed by the genes nisB, nisT, and nisC, which are probably involved in chemical modification and secretion of the prepeptide (G. Engelke, Z. Gutowski-Eckel, M. Hammelmann, and K.-D. Entian, Appi. Environ. Microbiol. 58:3730-3743, 1992 Many lactic acid bacteria have antimicrobial activity which can be attributed to the production of bacteriocins (28). Bacteriocins are a heterogeneous group of bactericidal proteins produced by gram-negative and gram-positive bacteria. Some bacteriocins are small peptides, whereas others are complex proteins with several distinct subunits having molecular sizes sometimes in excess of 106 Da and are often found associated with carbohydrates or lipids.
Many lactic acid bacteria have antimicrobial activity which can be attributed to the production of bacteriocins (28) . Bacteriocins are a heterogeneous group of bactericidal proteins produced by gram-negative and gram-positive bacteria. Some bacteriocins are small peptides, whereas others are complex proteins with several distinct subunits having molecular sizes sometimes in excess of 106 Da and are often found associated with carbohydrates or lipids.
One subgroup of bacteriocins, the lantibiotics, have received increased interest in the last few years. Lantibiotics belong to the small peptide group of bacteriocins, although they have a broader activity spectrum than most other bacteriocins and in that respect are more similar to antibiotics. Additionally, they differ from the other types of bacteriocins because of their chemical structure. They contain unusual amino acids such as dehydroalanine, dehydrobutyrine, lanthionine, and 3-methyllanthionine. The most prominent lantibiotics are nisin (17) , subtilin (16) , and epidermin (1) . The number of members belonging to this group is steadily growing (for a review, see reference 23) . Lantibiotics are ribosomally synthesized as prepeptides and posttranslationally modified (53) . A scheme for posttranslational modification has been proposed by Ingram (22) . The formation of these unusual amino acids could be explained by posttranslational dehydration of peptide serine and threonine residues, with subsequent addition of neighboring cysteine sulfur to the double bonds of the dehydroamino acids. The primary transcript of lantibiotic structural genes is a prepeptide which consists of an N-terminal leader peptide * Corresponding author. Phone: 69 5800 9525. Fax: 69 5800 9527.
followed by a C-terminal propeptide from which the lantibiotic is matured. This gene structure was first described for epidermin (53) and was also found for subtilin (5) , nisin (6, 11, 24) , gallidermin (52) , Pep5 (26) , and cinnamycin (25) .
Principal research interest has focused on nisin, as it is the only lantibiotic that has found practical application. It occurs naturally in dairy products (7) and is occasionally used in food production as an additive to dairy products to prevent spoilage by gram-positive bacteria, especially clostridia, staphylococci, bacilli, and listerias (20) . Nisin has two natural variants, nisin A and nisin Z, which differ in a single amino acid residue at position 27 (histidine in NisA is replaced by asparagine in NisZ [9, 41] ). The structural genes nisA (6, 11, 24) and nisZ (41) have been cloned several times from different sources. These were attributed to the 70-kb conjugative transposon Tn5276 (44) and are genetically linked to the genes for sucrose fermentation (45) . On the assumption that the genes for biosynthesis, secretion, and immunity are clustered on the same transposon, several kilobases of DNA downstream of the structural gene nisA were cloned and sequenced (12) . Three genes, designated nisB, nisT, and nisC, which were homologous to the respective genes of the subtilin (30) and epidermin operons (51) were identified.
Gene deletion experiments proved that the genes spaB, spaC, and spaT are essential for subtilin biosynthesis (30) . Adjacent to these genes, two additional open reading frames, spaR and spaK, were identified recently (29) . These genes were also essential for subtilin biosynthesis and encoded a regulatory protein and a histidine kinase, representing a typical two-component regulatory system responsible for the regulation of subtilin biosynthesis. epiP, and epiQ, adjacent to the epiA structural gene have been identified (51) . The genes epiB and epiC are homologous to niis.B and nisC, and their essential function in epidermin biosynthesis has been proven by mutant complementation (4) . Transformation of all epi genes into Staphylococcius carrnoslus enabled heterologous epidermin production (51) . Gene epiD is specific for epidermin biosynthesis. It encodes a flavoprotein involved in the formation of the characteristic C-terminal 2-aminovinylcysteine of the epidermin prepeptide (34) . Gene epiP codes for a subtilisin-like serine protease which might be involved in cleavage of the leader peptide after secretion of the modified prepeptide.
In this study we report on the identification of four additional open reading frames, nisI, nisP, nisR, and nisK, of the nisin operon of Lactococcius lactis 6F3 which are involved in immunity against nisin, processing of the posttranslational modified prenisin, and regulation of nisin biosynthesis. Previously genes ,ZisP and niisR have been also isolated from transconjugant strain L. lactis NIZO R5 and the essential function of nisR for nisin biosynthesis has been shown (63) .
MATERIALS AND METHODS
Strains, media, and plasmids. The nisin-producing strain L. lactis 6F3 (kindly provided by T. Horner, University of Tubingen) and plasmid-free, nisin-nonproducing L. lactis strains MG1363 and MG1614 (15) (47) . DNA was cleaved according to the conditions recommended by the commercial supplier of the restriction enzymes (Boehringer GmbH, Mannheim, Germany). Restriction endonuclease-digested DNA was eluted from 0.7% agarose gels by the freeze-squeeze method (59) .
Cloning of the nisin operon. Total DNA from L. /actis 6F3 was isolated as described elsewhcre (12) . DNA was digested with appropriate restriction enzymes, and restriction sites were mapped according to the method of Southern (57) optical density at 600 nm of 0.6) was added to 500 ml of molten Luria-Bertani agar, mixed, and poured into petri dishes (10 ml). Filtered 1-ml aliquots of culture fluid, harvested at various times during the growth of the nisin-producing strain, were lyophilized and redissolved in 200 p.l of water. Different volumes of this concentrate (reciprocal to the optical density at 600 nm of the culture) were applied with filter disks on the agar surface, and the zone of growth inhibition of M. luteus surrounding the filter disk was determined.
Expression of nisI in L. lactis MG1614. Lactococcal vector pGKI2 (32) was used to construct the expression vector pSI19. The unique SnaBI site of pGK12 was used to introduce the multiple cloning site of pBluescript SK -. The multiple cloning site of pBluescript SK-was obtained as a 0.173-kb BssHII fragment (blunt ended by Klenow enzyme treatment) and cloned into pBluescript SK-/SnaBI. The resulting plasmid, pSI12, was used to generate a gene expression vector by inserting a 0.12-kb DNA fragment of plasmid pMG36e containing the strong constitutive lactococcal promoter P32 (62) into the multiple cloning site. A DNA fragment containing promoter P32 was synthesized via PCR amplification, digested with EcoRI-BamHI, and cloned into vector pSI12 to obtain pSI19. A 0.8-kb fragment of plasmid pGEN3 (12) containing the ribosomal binding site and the entire nisI gene was isolated by PCR amplification, digested with restriction enzymes XbaIBamHI, and inserted into expression vector pSI19. The resulting plasmid, designated pSI22, was introduced into L. lactis MG1614 by electroporation (19) .
PCR and plasmid isolation. Plasmid DNA from L. lactis was isolated according to a method previously described (36) . PCR was carried out by following standard procedures (47) in an Eppendorff Microcycler E apparatus. By using Taq DNA polymerase (Boehringer), 35 cycles were performed with 20 s at 94°C followed by 20 s at 55°C and finally by 2.5 min at 720C.
Plate diffusion bioassay for nisin sensitivity. To examine the effect of nisI gene expression on immunity to nisin, 1 ml of an overnight culture (stationary-phase cells) of different L. lactis strains grown in M17SG medium (containing the appropriate antibiotic if required) was added to 200 ml of molten M17SG agar, mixed, and poured into petri dishes (20 ml). Nisin immunity was determined by dissolving purified nisin in 0.02 N HCl and applying various amounts (0.1 to 20 jig) to filter disks on the agar surface. The agar plates were incubated overnight at 30°C, and the diameter of the inhibition zone was determined.
Nucleotide sequence accession number. The sequence data published here were submitted to the EMBL sequence data bank under accession number X76884.
RESULTS
Downstream from the nisin structural gene nisA we recently identified three genes (nisB, nisT, and nisC) which are necessary for nisin biosynthesis and transport through the cellular membrane (13) Fig. 2 ), which is preceded by a potential ribosome-binding site (TGAAAGGAGG) with nearly perfect homology to the consensus ribosome-binding site for L. lactis (TGAAAGGAGGT) (61) . The nisI gene probably encodes a protein of 245 amino acids with a theoretical calculated molecular size of 27.8 kDa. The entire NisI protein showed no significant similarities to other proteins, except that the sequence of its N terminus strongly resembles that of N-terminal signal peptide sequences of lipoproteins from gram-negative E. coli as well as from gram-positive Bacillus species and L. lactis. Bacterial lipoproteins are a group of exported proteins that are anchored to the cellular or outer membrane by lipid moieties. The lipids are covalently linked to the cysteine residue at the distal N terminus of the secreted protein (67) . Comparison of the N terminus of NisI with other known lipoprotein signal peptides shows that there is significant similarity to the typical consensus sequence (Leu-X-Gly/ Ala i Cys-X) of the cleavage site (arrow) for lipoproteins (Table 1) . Additionally, the N-terminal part of NisI has the typical tripartite structure of signal peptides, with a positively charged NH2 terminus, a hydrophobic core, and a cleavage region, which is also found for signal sequences of bacterial lipoproteins (64) . This suggests that the NisI protein is a membrane-bound lipoprotein located on the outside of the cell membrane.
To date no genes similar to nisI have been found in the other lantibiotic operons. Because of its singularity and its putative location as a lipoprotein on the outside of the cellular membrane, we thought that it is not directly involved in nisin biosynthesis and tested its possible role in immunity. The nisI gene was fused to the constitutive promoter P32 (62) and expressed in the nonimmune nisin-negative strain L. lactis MG1614. The same strain was also conjugated with strain L. lactis 6F3, resulting in nisin-producing strain L. lactis KS100. L. lactis MG1614 was highly sensitive to exogenously supplied nisin, showing a weak inhibition zone if 0.1, 0.5, or 1.0 ,ug of nisin was applied and a strong inhibition zone with 5, 10, or 20 [Lg of nisin (Fig. 3) . In contrast to this, the transconjugant L   110  120  130  140  150  160  170  180  190  200 TAGATAACATTTATCAGGGTGTTATCAAACAAGTCATAAAAAGGTGACG3TTTGA 210   220 +   230  240  250  260  270  280  290  300 iiTIGTAACTGATAAGGAGATTCTCAGGAAACACAATTCTCATAAAAGT AACTTTTA 310  320  330  340  350  360  370  380  390 GGATTATICGAATCCA,TTCTATTAGAGGTAUCCTTACTC AAGCATTTGCGrTTGAGATAAATGATGATTTTAAl;CTGCAACG6AGT9ATAA 1110  1120  EcoRI  1140  1150  1160  1170  1180  1190  1200 TGCAGAACTAAGTAGTCTNaTCAGAAGGAGTAGsTTCAAATAAAGAAGCAGTTCCAGrATCTAAGGATGAGCTACTTGAGCAAAGTGA E  1210  1220  1230  1240  1250  1260  1270  1280  1290  1300 AGTAGTCGTTITCAACATCATCGATTCAAAAAAATAxAAATCCT BTAAGAAAGGrATCTATCCTCTCCGCTTATTAAGGAAAAA T   2310  2320  2330  2340  2350  2360  2370  2380  2390  2400 CTACTAATACTGGcTGGTACCAATATGTTATAGCAACT'CA CTACTCCTAAAGTCTGGGGCATAAATATGAATAAA Q   2610  2620  2630  2640  2650  2660  2670  2680  2690 3610  3620  3630  3640  3650  3660  3670  3680 3690 3700 4010  4020  4030  4040  4050  4060  4070  4080 4090 4100 4110  4120  4130  4140  4150  4160  4170  4180  4190  4200 TTAGAGATTTTAAGAATTTTCAAGC ACTYNAGTGTTTAlwT CAAACA AATTATGA GCTG3CACTTTCACATGATG3TTAAGACACCTTAATTTAAAAAACGTGaAI 3AAGTAAATGiACAACAAGCTCATTTTA Fig. 2 ) preceded by a potential ribosome-binding site (AGGA) within 6 bp of the GTG start codon and ends with a TGA stop codon (position 2852, Fig. 2 ). It encodes a putative protein of 682 amino acid residues, corresponding to a calculated molecular size of 74 kDa. Examination of data bases for homologous proteins showed that NisP has characteristic similarities to serine proteases, especially with the group of subtilisin-like serine proteases. Members of this group are, for example, the major intracellular serine protease ISP-I from Bacillus subtilis (31) and thermitase from Thermoactinomyces vulgaris (38) .
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The characteristic conserved amino acid motifs of the active and catalytic sites of this group are also strongly conserved in NisP. The three active-site residues Asp, His, and Ser and the oxyanion hole residue Asn are essential for the function of these proteins (56) ; in NisP these catalytic residues are predicted to be Asp-259, His-306, Ser-512, and Asn-407, respectively (Fig. 2) . The nisP gene from L. lactis 6F3 is almost identical to the nisP gene from L. lactis NIZO R5 which was recently described and shown to cleave synthetic prenisin when expressed in E. coli (63) . The only difference is a threonine residue at position 500 in L. lactis 6F3 instead of the reported alanine residue.
NisP is also very similar to EpiP, a serine protease from the epidermin operon which may be involved in processing the posttranslationally modified, secreted prepeptide of the lantibiotic epidermin (51) . The catalytic domain of NisP (amino acid residues 220 to 570) shows great similarity in sequence and length to the corresponding segment of EpiP (41%) (amino acid residues 220 to 462). In contrast to EpiP, the N-terminal pre-pro sequence of NisP differs considerably in size (220 versus 110 residues), and the C-terminal extension with the possible membrane anchor (Fig. 2) (29) , the response regulator of subtilin biosynthesis (Fig. 4) . The region with the highest similarity in all response regulators is the N terminus, where phosphorylation of a conserved Asp residue by the corresponding histidine kinase takes place (48, 49) . It is the location of three active-site residues, the site of phosphorylation included, which are conserved in all members of the family and, by sequence identity, in NisR are predicted to be Asp-10, Asp-53 (site of phosphorylation), and Lys-102. NisK shows significant similarity to the histidine kinases of two-component regulatory systems, which act as membranelocated sensors of environmental signals (for a review, see reference 58). Sequence similarity among histidine kinases is restricted mainly to the C-terminal part, which is located on the inside of the cytoplasmic membrane. This section contains a conserved histidine residue (His-238 in NisK) where autophosphorylation takes place (48), a conserved asparagine residue (Asp-349 in NisK), and a glycine-rich stretch at the C-terminal end (amino acid 380 to the extreme C-terminal end, Fig. 2 ). NisK was similar to EnvZ (8) from E. coli (19.2% identity) and to SpaK (21.4% identity), necessary for the regulation of subtilin biosynthesis in B. subtilis (Fig. 5) . The similarity to other histidine kinases, such as PhoR (54) from B. subtilis (18.4% identity) or PhoM (2) of E. coli (19.3% identity), is limited to the C-terminal region of the protein containing the conserved histidine residue, which plays a role in signal transduction to the response regulator. Beside similarity at the amino acid level, a characteristic histidine kinase hydrophobicity plot was determined for both NisK and SpaK (Fig. 6) . Two hydrophobic regions at the N terminus are interrupted by a hydrophilic stretch, and the C-terminal part is also hydrophilic. The two hydrophobic regions are possibly transmembrane domains, and the hydrophilic region in between may correspond to the extracellularly located sensor domain. The hydrophilic C-terminal region might be the signal-transducing domain with kinase activity.
To confirm the regulation of nisin biosynthesis, we monitored the growth-dependent expression of both prenisin and NisB, which is probably involved in the modification reactions (12) . Prenisin expression was monitored by using polyclonal antibodies directed against the leader sequence (Fig. 7a) . Its expression strongly increased when cells reached the midlogarithmic growth phase (Fig. 7c) (29) , and response regulator
OmpR from E. coli (8) . (29) nisA (6, 24) followed by genes nisB, nisC, and nisT, which we described previously (12) . According to the present hypothesis, modification reactions occur on the intact prepeptide (53) by dehydration of serine and threonine residues followed by subsequent sulfur addition from neighboring cysteine residues. This has been proven by the isolation of modified Pep5 prepeptides from Staphylococcus epidermidis 5 (66) . NisB and NisC could correspond to the enzymes necessary for the modification reactions. In addition, the membrane localization of NisB was recently shown (12) . The NisT protein seems to be involved in transport through the cellular membrane (12) . Isolation of adjacent DNA fragments downstream of nisC revealed four further open reading frames, the first of which was nisI. The NisI protein derived from the DNA sequence has a leader sequence characteristic of lipoproteins, and expression of the nisI gene in a nisin-sensitive nonproducer conferred increased nisin resistance to this strain. This clearly shows that NisI is involved in immunity against exogenously supplied nisin. No other genes similar to nisI have been found in other lantibiotic operons investigated thus far. There is little information on immunity or resistance determinants against lantibiotics in the literature. In the case of Pep5 from S. epidermidis 5, a gene, pepI, which conferred immunity against Pep5 to its producer was identified (46) . The pepI gene encodes a small peptide of 69 amino acid residues which provides immunity when expressed in conjunction with the structural gene pepA. NisI and PepI have no sequence similarities. A gene, nsr, conferring resistance against nisin has been isolated from L. lactis subsp. lactis biovar diacetylactis DRC3, which is a nisin nonproducer (14) . The 318-amino-acid Nsr protein was predicted to be membrane associated as a result of its hydrophobic N terminus. However, the level of resistance was only 10% of that of a nisin-producing strain. Hybridization of an nsr gene probe with chromosomal DNA of the nisin producer L. lactis 11454 revealed that no homologous gene was The mechanism of immunity remains speculative. Considering the lipoprotein-like character of Nisl, attached to the exterior of the cellular membrane by lipid moieties, this protein might confer resistance by floating in the membrane and interacting directly with nisin or by disturbing the association of nisin aggregates, thus preventing channel formation.
The regulation of nisin biosynthesis appears to be highly complex. The first of the biosynthetic proteins to be expressed is prenisin. Its expression precedes, by about 30 min, that of NisB, which probably encodes one of the maturation enzymes.
Nisin activity coincides with NisB expression, which also implicates NisB in the maturation of the prepeptide. Surprisingly, even after overnight incubation in the stationary phase, prenisin and NisB were still present at approximately 60% of the maximum level. NisB expression in the stationary phase indicates that modification reactions still occur, which in turn indicates that prenisin is continuously synthesized in the stationary phase. This finding may open new production possibilities by using immobilized nisin-producing cells.
The expression of the biosynthetic genes is clearly regulated.
The nisin regulatory system seems to be very similar to that recently identified for the regulation of biosynthesis of the lantibiotic subtilin from B. subtilis (17a, 30) . For B. subtilis it was shown that gene disruption of either of the proteins SpaR and SpaK led to a failure in subtilin production. On the basis of the striking similarities between nisin and subtilin biosynthesis, we assume that the regulatory proteins NisR and NisK are also essential for nisin biosynthesis. Recently the NisR part of the two-component regulatory system has also been identified in L. lactis NIZO R5 (63) . However, downstream from the cloned nisR gene from L. lactis NIZO R5 no coding information for NisK was present. Three possibilities may explain the lack of nisK in L. lactis NIZO R5: (i) the nisK gene was lost during preparation of the genomic library, (ii) the nisK gene was lost during transconjugation, or (iii) the nisK gene was not present in the nisin producer used as a donor for transconjugation. According to the last two cases, another histidine kinase could substitute the nisK function. The NisK histidine kinase shows strong similarities to the C terminus of all histidine kinases belonging to two-component regulatory systems. The C terminus of histidine kinases is intracellularly located and necessary for response regulator phosphorylation. The N-terminal part is different for histidine kinases. It is extracellularly located and acts as either a sensor or a receptor. Interestingly, NisK shows homology over the entire protein with SpaK of B. subtilis as well as with EnvZ of E. coli. SpaK regulates the biosynthesis of the lantibiotic subtilin (29) , and EnvZ is involved in osmoregulation (for a review, see reference 40). All three regulatory systems have a common feature in that they respond to environmental stimuli and could have evolved from a common ancestral protein.
